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The reduction of Ca&aFe,Os+z in the electron microscope shows this solid to decompose into CaZ 
FezO, and LaFeOS, two perovskite-related line-phases which, under these conditions, appear to be 
thermodynamically more stable. In kinetic terms, the decomposition appears to be of the nucleation 
and growth type. Microdomains appear to be an essential characteristic of the system since they are 
present in both the reactants and the reaction products. Up to nine sets of structurally-related microdo- 
mains can simultaneously be present within the same crystal. This leads to quite elaborate electron 
diffraction patterns which can be interpreted in terms of perovskite superstructures. These results are 
discussed in terms of diffusion data on perovskite-like ferrites. 8 1985 Academic PXSS, IN. 

Introduction 

In a series of previous papers (l-4), we 
have been dealing with compositional vari- 
ations and nonstoichiometry in the Ca, 
Lal-,Fe03-y system. By means of electron 
microscopy and diffraction, we have been 
able to show (4) that for the iron(II1) case 
only an intermediate composition exists; 
this corresponds to x = 3 and y = x/2, i.e., 
Ca2LaFe308 as shown by Grenier et al. (5). 
These authors concluded that the structure 
of this phase is intermediate between the 
structures of the end members of the sys- 
tem, namely LaFeOS (for x = 0) and Caz 
FezOs (x = I), whose structures are de- 
scribed in Refs. (6, 7). 

Although the crystal structure of CazLa 
Fe30s is not yet known, a recent HREM 
study (2) confirmed the previous model, ac- 
cording to which a sequence of two octahe- 
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dra “layers” and one tetrahedra layer fol- 
low each other along the c axis of the unit 
celI (Fig. lb). All the three phases are, on 
the other hand, superstructures of the 
perovskite structure and derive from it by 
means of compositional and/or structural 
changes. Figure 1 shows a schematic pro- 
jection of the three structures. 

Perhaps the most striking characteristic 
of Ca2LaFe308 is its oxidation process 
which can be described by 

CazLaFeXOs + i O2 5 Ca2LaFesOg+, 

(1) 

where z = 0.235 at 1400°C and is accompa- 
nied by the formation of a microdomain 
texture (Fig. 2). As already discussed (I), 
the structure within each domain is closely 
related to, but of higher symmetry than, the 
Ca2LaFe30s orthorhombic structure. In 
view of the peculiar character of this oxida- 
tion process, it is of obvious interest to 
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a b c 

FIG. 1. Schematic representation of (a) LaFe03, (b) 
CazLaFe30g, and (c) CazFetOs structures along [l lo],. 
Subscript c refers to the simple cubic pervoskite cell. 

study the reduction of Ca2LaFe308+,. We 
describe and discuss in the following the 
result of such a study. 

Experimental 

Samples of Ca2LaFe308+, were prepared 
by J. C. Grenier. Full details are given in 
Ref. (1). 

Electron diffraction and microscopy was 
performed on a Siemens Elmiskop 102 elec- 
tron microscope fitted with a +45” tilt go- 
niometer stage. Samples were ultrasoni- 
cally dispersed in n-butanol and then 
transferred to carbon-coated copper grids. 
Focusing conditions close to the optimum 
defocus (Scherzer) conditions were em- 
ployed (8). 

Results and Discussion 

As indicated in the introduction, CazLa 
Fe,Os oxidizes in air at high temperature, T 
= 14OO”C, in a process in which a microdo- 
main texture is formed. Figures 2a and b 
show, respectively, an electron diffraction 
pattern and an electron micrograph of one 
such sample in the [OOl], subcell orien- 
tation. The microdomain texture evident 
on the micrograph is reflected in the diffrac- 
tion pattern by three juxtaposed reciprocal 
lattices corresponding to the three sets 
of microdomains. The vertical threefold 
perovskite superlattice in this figure be- 
longs to the set with cell a,* x 3a, x 
a,fi, the horizontal one to the microdo- 
main set with unit cell 3a, x a,%‘? x a,%“? 
and the third one corresponding to the do- 
main set having the threefold multiple axis 
perpendicular to the plane of the pattern 
(see Ref. (1) for details). 

This solid, which according to Eq. (1) is a 
mixed Fe(M)-Fe(IV) phase, appears to be 
a metastable high-temperature quenched 
phase. When left at room temperature for 
long periods of time, of the order of 3 
months, the HT phase reverts to CazLa 
FesOs . 

Figure 3 shows an electron micrograph of 
a crystal in an intermediate situation, i.e., a 

FIG. 2. (a) Electron diffraction pattern of the high-temperature Ca2LaFe308+, sample along the [MM], 
axis. (b) Electron micrograph of this oxidized sample along the same orientation. 
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FIG. 3. Electron micrograph of a crystal showing an intergrowth between the reduced (to the left) 
and the oxidized solids. 

“mixed crystal,” with z < 0.235, but diffi- 
cult to know precisely for just one micro- 
scopic crystal. The left part of the image 
corresponds to the ordered iron(II1) phase, 
while the right part belongs to an oxidized, 
i.e., Fe”‘-Fe’” phase “disordered” in mi- 
crodomains. An extended defect is also ap- 
parent near the border between the two 
crystal regions. It is really remarkable that 
the oxygen excess is situated in just one 
part of the crystal-that showing the micro- 
domains-and not distributed homoge- 
neously, i.e., randomly all over it. 

When the CazLaFe30s.2u sample is left 
for a few minutes within the microscope un- 
der normal observation conditions it be- 
comes reduced by the combined influence 
of both high vacuum (--lop6 Torr) and the 
electron beam. Although this process is dif- 
ficult to control, the observations that we 
have been able to make allow us to describe 
it. 

At first, the electron micrograph still 
shows domains (Fig. 4a), and the electron 

diffraction pattern (Fig. 4b) shows two 
types of diffraction maxima: one, shown 
schematically in Fig. 4c, is identical to the 
one shown in Fig. 2a and corresponds to 
the CazLaFeJ08+, microdomains. The other 
type of maxima can be indexed as either a 
multitwinned LaFe03 (Fig. 4d (4)), a micro- 
domain textured Ca2Fe205 (Fig. 4e (3)), or 
to both of them, because, in this particular 
orientation, i.e., [OOl],, and in the presence 
of CazLaFeJOs+, microdomains, they are 
indistinguishable. If, in fact, the last inter- 
pretation is the correct one, nine sets of 
microdomains will be present in this crys- 
tal. Nevertheless, the subcell reflexions are 
more intense since in these positions the 
diffracted intensity from all sets of domains 
is coincident. 

The ease to which this multiple inter- 
growth can occur is due to the close rela- 
tionship existing between three structures, 
all of which are multiples of the perovskite 
subcell. The differences among them are 
both compositional and structural (c.f. in- 



FIG. 4. (a) Electron micrograph of the Ca,LaFe 0 , 8+Z sample slightly reduced under the electron 
beam. (b) Electron diffraction pattern along the [OOI], zone-axis of the crystal shown in Fig. 4a. (c) 
Schematic [OOl], zone-axis electron diffraction pattern of Ca*LaFe,O, ?,+ (d) Schematic electron dif- 
fraction pattern along [OOI], of a multitwinned LaFeOz. (e) Schematic [OOI], zone-axis electron diffrac- 
tion pattern of a microdomain textured CazFe20S. 
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FIG. 5. (a) Electron micrograph of another crystal of the same sample showing smaller domains. (b) 
Corresponding electron diffraction pattern along the [OOl], zone axis. 

TABLE I 

UNIT CELL PARAMETERS OF LaFe03, Ca2LaFe308 AND Ca2Fe205 

LaFeOJ (6) Ca2LaFe908 (2, 5) Ca&2G ( 7) Perovskite multiplicity 

a (.4 
b (A) 
c (a 

5.553(2) 
7.867(3) 
5.563(2) 

5.464(3) 
11.29(l) 
5.563(3) 

5.4253(5) 
14.7687(17) 
5.5980(5) 

-U,ti 
--na, (n = 2, 3, 4) 

-a,V5 
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troduction and Refs. Z-4). Table I recalls parison of Figs. 6a and 7b easily explains 
the unit cell parameters of the three struc- the origin and intensity of the streaking 
tures . seen in the former. 

The domains seen in Fig. 4a are rela- 
tively big; sometimes, however, the result- 
ing domains were much smaller (Fig. 5a). 
The corresponding electron diffraction pat- 
tern (Fig. 5b) can again be interpreted as 
due to nine sets of domains but from the 
diffraction intensities it appears that, in this 
crystal, the domains having the multiple 
3a, axis predominate along [OlO],. Some 
streaking, indicative of some disordering, is 
seen along [lOOI,. 

The apparent misalignment of the super- 
structure spots along the subcell axes is due 
to the slight differences in unit cell parame- 
ters of the three phases (see Table I). 

In yet another set of experiments, Fig. 6, 
streaks appeared along both a: and 6,* and, 
presumably, along c,* as well. Apart from 
the streaks, the pattern on Fig. 6a can be 
interpreted in the same way as Fig. 4c, i.e., 
due to the juxtaposition of two or even 
three sets of domains. The corresponding 
micrograph, Fig. 6b, shows an extremely 
disordered crystal with small domains in all 
possible orientations, i.e., 

However, all the domains having the 
multiple perovskite axis perpendicular to 
the image plane, that is, those belonging to 
sets Q, 6, and 11 are indistinguishable. Also, 
under these relatively low-resolution condi- 
tions and in this orientation [OOl], the 
brownmillerite images show fringes corre- 
sponding to doZO = 7.4 A while LaFe03 is 
imaged by the dolo = 7.8 A and conse- 
quently sets E and 5 are indistinguishable 
between themselves, apart from their orien- 
tation, and cannot be differentiated from 
sets 8 and L. At the most, then, three differ- 
ent types of domains can be differentiated 
by their fringe spacing: -5.5,7.4 - 7.8, and 
-11.3 A; these are shown on Fig. 6b. 

-u,ti X a,ti X 3ac: set (Y 

-a,fi X 32, X a,%!% set p 

-3a, X acti X acti: set y I 

Ca2LaFe308 

-a,%5 X a,ti X 4a,: set 6 

-acti X 4a, X a,V?: set 8 

1 

Ca2Fe205 

-4a, X a,V5 X a,V?: set 5 

-a,-\/2 X acti X 2ac: set r) 

-a,%5 X 2a, X acti: set 0 

-2a, X a,ti X a,V?: set L. I 

LaFeO3 

To these nine sets of domains correspond 
nine reciprocal lattices whose reciprocal 
cells are shown in Fig. 7a. On the other 
hand, Fig. 7b shows the compounded recip- 
rocal unit cell of the whole crystal. A com- 

Finally, a recrystallization process takes 
place and the domain size increases. Fig. 8a 
shows just three domains having very dif- 
ferent boundaries: a straight boundary be- 
tween I and II and a curved boundary be- 
tween II and III. As the resolution is 
somewhat better in this picture, Domain I, 
having its multiple axis perpendicular to the 
image, is imaged through the perovskite 
subcell, -3.9 x 3.9 A, crossed fringes. Un- 
der such an ordered situation streaks have 
disappeared from the diffraction pattern, 
Fig. 8b, where the diffraction maxima cor- 
responding to the CazLaFe30s cell have 
also disappeared. Although with just three 
sets of domains of a LaFe03 multitwinned 
cell all the spots of this pattern can be in- 
dexed, -spots at (0 t 0), belong to set 8, 
those located at (B 0 O), to domain L and 
spots at (4 4 0), correspond to domain 71 -, 
tilts around at and b,* show patterns which 
can only be indexed with the juxtaposition 
of six sets of domains, three from a Ca2 
Fe20S brownmillerite-like cell and another 
three sets belonging to the LaFe03 cell. In 
this way, Fig. 9 shows a [lOi], pattern ob- 
tained after a tilt of 45” around b,*, where 
the spots located at (+ $ $), and (4 1 a),, and 
equivalent positions, can be indexed on the 



326 GONZALEZ-CALBET, VALLET-REGi, AND ALARIO-FRANC0 

FIG. 6. (a) Electron diffraction pattern along [OOI], of another crystal in a different stage of the 
reduction process. Streaking along both a: and b,* suggest the presence of disorder as shown in the 
corresponding micrograph (b). 
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FIG. 7. (a) Schematic reciprocal unit cells of the nine sets of microdomains. (b) Complete reciprocal 
lattice composed by the juxtaposition of the nine reciprocal nets shown above. 

basis of a brownmillerite type cell as shown 
in domain E (see Fig. 7). Moreover, if the 
45” tilting is performed around a,* one ob- 
tains an equivalent pattern along [Olll,, so 
that the brownmillerite spots can be repre- 
sented as in the reciprocal net correspond- 
ing to domain 5. 

Figure 10 shows the [lOTI, zone axis in- 
dexed on the basis of a perovskite cell. 
Spots appearing at (4 4 t), and (3 a a),, and 
equivalent positions, correspond to the 
third brownmillerite net as shown in do- 
main 6. 

We can now come back to the chemistry 
of the problem and, in view of the diffrac- 
tion evidence described above, it appears 
that the reduction happens through the pro- 
cess 

aCazLaFe308+, 
c- 

- bCa2Fe205 
~02 - W5 Torr 

+ bLaFe03 + cCazLaFe30s+,, (2) 

where e- stands for electrons from the elec- 
tron beam, a = b + c and when z’ < z this 
situation corresponds to Fig. 4; with yet an- 
other value of z and z’ it also corresponds to 
Figs. 5 and 6. These three phases appear 
textured in microdomains differing in com- 
position and structure between phases but 
simply related in orientation to each other. 
Under these highly reducing conditions, 
when all the oxygen excess is eliminated 
(i.e., when z = 0) no Ca2LaFe30s is left; 
it decomposes wholly to CazFezOs and 
LaFe03. 

The elimination of oxygen is then accom- 
panied by the decomposition of the phase 
with x = B of the Ca,Lar-,FeOj-, system 
into the corresponding end terms having x 
= 0 and x = 1, respectively. This process 
requires the counterdiffusion of calcium 
and lanthanum ions along the three dimen- 
sional framework of A positions character- 
istic of the perovskite substructure, the 
same framework that justifies the existence 
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FIG. 8. (a) Electron micrograph of the Ca2LaFe 3 0 8+z sample taken when the reduction process uric 
he electron beam is over. (b) Corresponding electron diffraction pattern along [OOll,. 

the properties of the well-known facilitated by the unoccupied oxygen np osi- 
zes (9). Indeed, the oxygen excess tions corresponding to the presence of tet- 
L by z in the above formulae does also rahedra. These form tunnels, parallel I to the 
to diffuse out of the crystal but this is six [ 1 lo], directions of the perovskil te s ill - b 

der 
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FIG. 10. [102], zone-axis electron diffraction pattern of the above crystal. 
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TABLE II 

DIFFUSION COEFFICIENTS 
OF SOME IONS IN LaFeOx 

IN THE TEMPERATURE 
RANGE lOOO-1300°C 

Ion Do (cm2 . secl) 

La -5. lo-” (10) 
Fe -5.10-12 (10) 
0 -2.10-” (11) 

structure. In the whole reduction process, 
only the B metallic lattice, which in the nor- 
mal perovskite constitutes a simple cubic 
sublattice, remains fixed and is responsible 
for the strong reflections characteristic of 
the perovskite substructure. 

Although we do not have diffusion data 
for these species in Ca2LaFe308, there 
exist some diffusion results typical of 
perovskite-like solids (Table II) which are 
in line with this reasoning. On the basis of 
these data, iron is the slowest among the 
three ions constituting LaFe03. In Caz 
Fe205 and Ca2LaFe308 oxygen has to be 
even faster because the tunnels along [ 1 lo] 
referred to above. Also La, and presumably 
also Ca, will move somewhat faster in those 
solids since the oxygen sublattice is not 
nearly as complete as in LaFe03. 

Moreover Ca and La should have differ- 
ent diffusion rates if only because they are 
differently charged. Kinetic gradients may 
then be produced of both Ca and La facili- 
tating the formation of “compositional gra- 
dients” with respect to those cations (i.e., 
microdomains of Ca2Fe205 and of LaFe03). 
Reasonably enough, iron, being the slow- 
est, is the material forming the skeleton 
which remains “rigid” all over the process. 

This type of reasoning is in line with the 
ideas (Z2) of considering the crystal struc- 
ture of some compounds as derived from 
metallic arrays with anions inserted, of 

which the fluorite-type structure is arche- 
typal with F- ions inserted in a face-cen- 
tered cubic Ca array. In this case, a 
perovskite-like case, an anion, 02- and a 
cation Ca2+ or La3+ are inserted in an iron 
simple cubic framework. 

Considering the stoichiometry of the 
above Eq. (2) 1 mole of CazLaFe3Os gives 1 
mole of LaFe03 and another of Ca2Fe205 
but as each of these is formed in three types 
of microdomains each microdomain of the 
original material originates, at least, six mi- 
crodomains of the product phases which 
are necessarily smaller than the original 
one. This explains the extremely disor- 
dered texture of Fig. 6; however, each of 
these microdomains is an ordered unit of 
the corresponding phase. No correlation 
appears to exist, however, among the dif- 
ferent units. The final state, as observed on 
Fig. 8, is formed by bigger domains pro- 
duced in a recrystallization process. It is 
clear that microdomains are the essential 
characteristic of these oxido-reduction pro- 
cesses of CazLaFe30s. 

The present results show then that under 
appropriate conditions a nonstoichiometric 
phase, Ca2LaFe308.235, becomes unstable, 
but instead of reducing down to the stoi- 
chiometric composition Ca2LaFe30s, it de- 
composes in two more stable phases, Cal 
Fe20S and LaFe03. This behavior, which 
is typical of alloys (13) and minerals (14) 
where it is usually called exsolution, is also 
frequent in the world of synthetic solids 
since it is just a reflection of the thermody- 
namic stability of the three phases. If we 
were to consider the Ca2LaFe30s.235 solid as 
an “oxygen defective perovskite,” under 
certain circumstances, i.e., under the elec- 
tron beam, it decomposes to a phase 
“richer” in “oxygen defects,” i.e., Ca2 
Fe20s and another one “poorer” in “oxy- 
gen defects,” i.e., LaFeO,. However, it is 
to be stressed that considering Ca2Fe205 as 
an oxygen deficient perovskite is only a for- 
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fects are present in CazFe205, there are just 
unoccupied positions in the Pcmn space 
group. 

As for the mechanism two kinds of phase 
transformation are usually distinguished, 
nucleation plus growth and spinodal (Z5), 
and they differ in the spatial extent of the 
resulting phases at the beginning of the pro- 
cess. Although it is not usually obvious to 
distinguish between these cases, the fact 
that we can always observe, from the very 
beginning of the decomposition, the diffrac- 
tion patterns of both parent and products 
would seem to imply that the nucleation 
and growth process is predominant here. In 
this way the differences observed among 
Figs. 4-6 are just a reflection of the extent 
of the decomposition up to the instant in 
which the picture is taken. 

It is worth recalling that, as we have re- 
cently discussed (3, 16), Ca2Fe20s does not 
form microdomains under normal pressure 
oxidation conditions. However, it does so, 
in the presence of some lanthanum substi- 
tuting for calcium. It is therefore not sur- 
prising that, in the present case, where both 
La and Ca have to diffuse all over the crys- 
tal, some La will be present in the brown- 
millerite-type domains. Consequently, 
some Ca is likely to be present in the 
LaFe03-type domains. 
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